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INTRODUCTION 

R e c e n t  t h o u g h t f u l  r e v i e w s  o f  g a s i f i c a t i o n  r e s e a r c h  h a v e  
s t r e s s e d  t h e  d e f i c i e n c i e s  i n  o u r  k n o w l e d g e  o f  c o a l  p y r o l y s i s  and 
t h e  n e e d  f o r  a g r e a t e r  u n d e r s t a n d i n g  o f  t h e  r e a c t i o n s  r e s p o n s i b l e  
f o r  t h e  d c m p o s i t i o n  o f  c o a l  m o l e c u l e s  a n d  f o r  t h e  f o r m a t i o n  o f  

We h a v e  t a k e n  a new a p p r o a c h  f o r  t h e  s t u d y  o f  t h i s  
i s s u e  b y  t h e  p y r o l y s i s  o f  c o a l s  t h a t  h a v e  b e e n  m o d i f i e d  b y  t h e  
i n t r o d u c t i o n  o f  l a b e l e d  s t r u c t u r a l  f r a g m e n t s .  The l a b e l s  w e r e  
s e l e c t i v e l y  i n t r o d u c e d  i n t o  t h e  s t r u c t u r e s  so  t h a t  t h e  r e a c t i o n s  
o f  t h e  new s t r u c t u r a l  e l e m e n t  c o u l d  b e  r e a d i l y  t r a c e d .  T h i s  
a p p r o a c h  e n a b l e s  t h e  r e a c t i o n  c h e m i s t r y  o f  a v a r i e t y  o f  d i f f e r e n t  
s t r u c t u r a l  e l e m e n t s  t o  b e  i n v e s t i g a t e d  w i t h i n  t h e  e n v i r o n m e n t  o f  
t h e  c o a l  m o l e c u l e s  a n d  o f f e r s  g r e a t  a d v a n t a g e s  f o r  t h e  d e f i n i t i o n  
o f  t h e  c o u r s e  o f  t h e  r e a c t i o n s  i n  t h e  medium, i . e .  c o a l ,  t h a t  i s  
o f  p r i n c i p a l  i n t e r e s t .  

a n d  C - b e n z y l a t i o n  o f  a n  I l l i n o i s  No. 6 c o a l  and t h e  p y r o l y s i s  o f  
t h e s e  m a t e r i a l s  i n  a w i r e  s c r e e n  r e a c t o r .  

T h i s  r e p o r t  c o n c e r n s  t h e  m e t h o d s  u s e d  f o r  t h e  s e l e c t i v e  0 -  

RESULTS AND D1SCUSSIn.N 

I l l i n o i s  No. 6 c o a l  was b e n z y l a t e  u s i n g  t h e  m e t h o d  
d e s c r i b e d  b y '  L i o t t a  a n d  h i s  c 0 w o r k e r s . j  The  e x t e n t  o f  t h e  
a l k y l a t i o n  r e a c t i o n  was c o n t r o l l e d  b y  l i m i t i n g  t h e  q u a n t i t i e s  o f  
base ,  t h e  a l k y l a t i n g  agent lgnd t h e  r e a c t i o n  t i m e .  0 - B e n z y l ,  0 -  
benzy l - c17 ,  a n d  0 - b e n z y l - 1 -  C c o a l  w e r e  p r e p a r e d  u s i n g  t h i s  
m e t h o d .  The  m i c r o a n a l y t i c a l - d a t a  i m p l y  t h a t  t h r e e  b e n z y l  g r o u p s  
were  i n c o r p o r a t e d  p e r  1 0 0  c a r b o n  a t o m s  o f  t h e  c o a l .  The  p r e s e n c e  
o f  t h e  u n r e a c t e d  h y d r o x y l  g r o u p s  ( t w o  t o  t h r e e  f r e e  g r o u p s  p e r  
1 0 0  c a r b o n  a t o m s )  and  o t h e r  s t r u c t u r a l  f e a t u r e s  w e r e  e s t a b l i s h e d  
b y  i n f r a r e d  s p e c t r o s c o p y .  T h e s e  r e s u l t s  a r e  s e m i q u a n t i t a t i v e l y  i n  
a c c o r d  w i t h  t h e  t r a n s f o r m a t i o n  shown i n  e q u a t i o n  ( 1 ) .  

The C - b e n z y l a t i o n  o f  I l l i n o i s  No. 6 c o a l  was c a r r i e d  o u t  i n  
t h r e e  s t e p s .  S e v e r a l  p r o c e d u r e s  w e r e  e v a l u a t e d ,  b u t  t h e  r e a c t i o n  
s e q u e n c e  shown i n  e q u a t i o n s  ( 2 ) - ( 4 )  p r o v e d  t o  b e  m o s t  s u i t a b l e .  
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The c o u r s e  o f  e a c h  r e a c t i o n  was f o l l o w e d  b y  i n f r a r e d  
s p e c t r o s c o p y .  F o r  e x a m p l e ,  O - m e t h y l - $  c o a l  was t r e a t e d  w i t h  
l i t h i u m  i o d i d e  i n  c o l l i d i n e ,  no  c a r b o n - d e u t e r i u m  s t r e t c h i n g  
f r e q u e n c i e s  w e r e  o b s e r v a b l e  i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  , p r o d u c t  and  t h e  a b s o r p t i o n s  o f  t h e  b e n z y l  g r o u p  a p p e a r  i n  t h e  C -  
b e n z y l a t e d  p r o d u c t s ,  6 a n d  C, w h e r e a s  t h e  h y d r o x y l  a b s o r p t i o n  i s  

'I a b s e n t  i n  t h e  i n f r a r e d  s p e c t r a  o f  A and 6 ,  b u t  i s  p r e s e n t  i n  C .  

The pyrolyses w e r e  c a r r i e d  o u t  w i t h o u t  d i f f i c u l t y  i n  a w i r e  
s c r e e n  r e a c t o r .  The mass b a l a n c e s  g e n e r a l l y  e x c e e d e d  97%. A 
h i g h  s e n s i t i v i t y  G C - M S  p r o c e d u r e  was u s e d  f o r  t h e  d e t e r m i n a t i o n  
o f  t h e  i m p o r t a n t  g a s e o u s  r e a c t i o n  p r o d u c t s .  The  r e s u l t s  a r e  
summar i zed  i n  T a b l e  1. 

The c h a r ,  t a r ,  a n d  g a s  y i e l d s  f o r  t h e  p y r o l y s i s  o f  w h o l e  
I l l i n o i s  No. 6 c o a l  o b t a i n e d  i n  t h i  i n v e s t i g a t i o n  a r e  c o m p a r a b l e  
w i t h  t h e  w e l l  known d a t a  o f  S u u b e r g 3  f o r  w h o l e  P i t t s b u r g h  No. 8 
c o a l .  The t w o  c o a l s  p r o v i d e  d i f f e r e n t  a m o u n t s  o f  c h a r  a n d  t a r ,  
b u t  q u i t e  c o m p a r a b l e  q u a n t i t i e s  o f  g a s .  The s i m i l a r i t y  i n  t h e  
t o t a l  q u a n t i t y  o f  t h e  g a s e o u s  p r o d u c t s  i s  a l s o  a p p a r e n t  when t h e  
y i e l d s  o f  m e t h a n e  and  c a r b o n  m o n o x i d e  f r o m  t h e s e  t w o  c o a l s  a r e  
compared ,  F i g u r e  1. T h e s e  f i n d i n g s  s u g g e s t  t h a t  t h e  p a t t e r n s  o f  
r e a c t i v i t y  f o u n d  f o r  t h e  g a s e o u s  p r o d u c t s  o f  t h e  I l l i n o i s  No. 6 
c o a l  a r e  r e p r e s e n t a t i v e  o f  t h e  b e h a v i o r  o f  o t h e r  b i t u m i n o u s  
c o a l s .  

The q u a n t i t i e s  o f  c h a r  f o r m e d  f r o m  t h e  b e n z y l a t e d  c o a l s  a r e  
s i g n i f i c a n t l y  l o w e r  t h a n  t h e  amoun ts  o b t a i n e d  f r o m  t h e  w h o l e  
c o a l s  o r  t h e  r e a c t i o n  b l a n k  a t  t e m p e r a t u r e s  l e s s  t h a n  800°C. On 
t h e  o t h e r  hand ,  m e t h a n e  a n d  c a r b o n  m o n o x i d e  a r e  g e n e r a l l y  
o b t a i n e d  i n  g r e a t e r  q u a n t i t y  f r o m  t h e  a l k y l a t e d  c o a l s  t h a n  f r o m  
t h e  w h o l e  c o a l  o r  t h e  r e a c t i o n  b l a n k .  

The d i s t r i b u t i o n  o f  t h e  d e u t e r i u m  and  1 3 C  l a b e l s  i n  t h e  
g a s e o u s  p r o d u c t s  o b t a i n e d  f r o m  t h e  m o d i f i e d  c o a l s  w e r e  s t u d i e d  t o  
p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  t h e  p r i n c i p a l  r e a c t i o n  
p a t h w a y s .  The y i e l d s  o f  methane  and t h e  d i s t r i b u t i o n  o f  t h e  
l a b e l  w i t h i n  t h e  m e t h a n e  p r o d u c e d  d u r i n g  t h e  p y r o l y s e s  o f  t h e  0 -  
a n d  C - b e n z y l a t e d  c o a l s  a r e  s u m m a r i z e d  i n  T a b l e  2 .  

I 
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The p y r o l y s i s  o f  t h e  e x h a u s t i v e l y  0 - m e t h y l a t e d  c o a l ,  as 
e x p e c t e d ,  p r o v i d e s  much more  me thane  t h a n  t h e  w h o l e  c o a l  o r  t h e  
r e a c t i o n  b l a n k  a t  t h e  same t e m p e r a t u r e .  The e n h a n c e d  y i e l d  o f  
m e t h a n e  c o u l d  b e  a t t r i b u t e d  t o  t h e  low e n e r g y  r e q u i r e m e n t s  f o r  
t h e  c l e a v a g e  o f  t h e  c a r b o n - o x y g e n  b o n d s  i n  t h e  m e t h y l  e s t e r s  and 
m e t h y l  a r y l  e t h e r s .  However ,  t h e  f i n d i n g  t h a t  t h e  y i e l d s  o f  
me thane  a n d  c a r b o n  m o n o x i d e  o b t a i n e d  f r o m  t h e  0- and  C - b e n z y l a t e d  
c o a l s  a r e  a l s o  e n h a n c e d  n e g a t e s  t h i s  s i m p l e  i n t e r p r e t a t i o n .  On ly  
a s m a l l  p o r t i o n  o f  t h e  m e t h a n e  and c a r b o n  m o n o x i d e  a r i s e  f r o m  t h e  
b e n z y l  g r o u p s .  T h u s ,  t h e  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  
s t r u c t u r a l  m o d i f i c a t i o n s  e n h a n c e  t h e  f o r m a t i o n  o f  t h e s e  p r o d u c t s  
i n  i n d i r e c t  ways .  

The  s t r u c t u r a l  m o d i f i c a t i o n s  may i n c r e a s e  t h e  c o n c e n t r a t i o n  
o f  r a d i c a l s  w i t h i n  t h e  c o a l  p a r t i c l e s  b e c a u s e  t h e  bond  
d i s s o c i a t i o n  e n e r g i e s  o f  t h e  n e w l y  fo rmed  c a r b o n - o x y g e n  and  
c a r b o n - c a r b o n  b o n d s  i n  t h e  m o d i f i e d  c o a l s  a r e  l e s s  t h a n  t h e  bond 
d i s s o c i a t i o n  e n e r g i e s  o f  t h e  l i n k a g e s  n a t i v e  t o  t h e  c o a l .  The 
r a d i c a l s  f o r m e d  i n  t h e s e  p r o c e s s e s  may i n i t i a t e  r e a c t i o n  
sequences  t h a t  l e a d  t o  d e c a r b o n y l a t i o n  and  d e m e t h y l a t i o n  v i a  w e l l  
known p r o c e s s e s  s u c h  a s  @ - s c i s s i o n ,  ips0 s u b s t i t u t i o n  and  r a d i c a l  
d i s p l a c e m e n t .  I n  a d d i t i o n ,  t h e  0 - m e t h y l  a n d  0 -  a n d  C - b e n z y l  
g r o u p s  i n  t h e  m o d i f i e d  c o a l s  c o n s i d e r a b l y  i n c r e a s e  t h e  q u a n t i t y  
o f  e f f e c t i v e  h y d r o g e n  a t o m  d o n o r s  w i t h i n  t h e  c o a l  p a r t i c l e s .  
P r o d u c t i v e  a b s t r a c t i o n  r e a c t i o n s  w o u l d  a l s o  e n h a n c e  t h e  
c o n v e r s i o n  o f  t h e  m a c r o m o l e c u l a r  c o a l  m o l e c u l e s  t o  g a s e o u s  
p r o d u c t s .  

b e n z y l - c 7  d e r i v a t i v e s  t h a n  f r o m  t h e  C - b e n z y l - c  d e r i v a t i v e s ,  
T a b l e  2 .  T h i s  o b s e r v a t i o n  s t r o n g l y  s u g g e s t s  t i a t  t h e  m e t h y l  
r a d i c a l s  f o r m e d  i n  t h e  d e c o m p o s i t i o n  r e a c t i o n s  o f  t h e  c o a l  
m o l e c u l e s  a b s t r a c t  h y d r o g e n  ( d e u t e r i u m )  s e l e c t i v e l y  f r o m  t h e  
m e t h y l e n e  f r a g m e n t  o f  t h e  0 - b e n z y l  g r o u p .  Hence, t h e  m e t h y l  
r a d i c a l s  p r o d u c e d  i n  t h e  p y r o l y s e s  e x h i b i t  a r e a s o n a b l e  d e g r e e  o f  
s e l e c t i v i t y  e v e n  a t  t e m p e r a t u r e s  a p p r o a c h i n g  85OOC. 
S i g n i f i c a n t l y  g r e a t e r  q u a n t i t i e s  o f  m e t h a n e - d  
a r e  f o r m e d  d u r i n g  t h e  p y r o l y s i s  o f  t h e  l a b e l d  0 - b e n z y l a t e d  c o a l s  
t h a n  f r o m  t h e  c o r r e s p o n d i n g  C - b e n z y l a t e d  c o a l s .  A l t h o u g h  a 
p o r t i o n  o f  t h e  m e t h a n e - d  m u s t  a r i s e  v i a  t h e  e x c h a n g e  r e a c t i o n s  
o f  me thane-d ,  t h e  f a c t  & a t  a l a r g e r  q u a n t i t y  o f  m e t h a n e - d  i s  
f o r m e d  f r o m  t h e  0 - b e n ~ y l - L ~  c o a l  s u g g e s t s  t h a t  t h i s  l a b e l d  
m e t h a n e  i s  a l s o  fo rmed  b y  a r e a c t i o n  s e q u e n c e  u n i q u e  t o  t h e  0-  
b e n z y l a t e d  m a t e r i a l .  One p l a u s i b l e  r e a  t i o n  p a t h w a y  i n v o l v e s  t h e  

S i g n i f i c a n t l y  m o r e  d e u t e r i o m e t h a n e  i s  p r o d u c e d  f r o m  t h e  0-  

and m e t h a n e - 1 3 C  

r e a r r a n g e m e n t  o f  t h e  b e n z y l o x y  r a d i c a l .  E 
D e u t e r i u m  l a b e l e d  e t h e n e ,  p r o p e n e ,  a n d  b u t e n e  a r e  f o r m e d  i n  

r e a d i l y  d e t e c t a b l e  a m o u n t s  d u r i n g  t h e  r a p i d  p y r o l y s e s  o f  t h e  0-  
and  C - b e n z y l - d 7  c o a l s .  S i m i l a r  amoun ts  o f  d e u t e r i u m  a r e  
i n c o r p o r a t e d  i n t o  t h e  e t h e n e  p r o d u c e d  f r o m  e a c h  c o a l .  The m o s t  
p l a u s i b l e  r e a c t i o n  p a t h w a y s  f o r  t h e  f o r m a t i o n  o f  e t h e n e - d  i n v o l v e  
e x c h a n g e  r e a c t i o n s  p r i o r  t o  t h e  f o r m a t i o n  o f  e t h e n e  v i a  
p e r i c y c l i c  p r o c e s s e s  o r  @ - s c i s s i o n  r e a c t i o n s  o r  s u b s e q u e n t  
e x c h a n g e  r e a c t i o n s  v i a  r a p i d  a d d i t i o n - e l i m i n a t i o n  r e a c t i o n s .  
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These  f o r m u l a t i o n s  a l l  r e q u i r e  t h a t  t h e  p r i m a r y  r e a c t i v e  p r o d u c t s  
f o r m e d  i n  t h e  o r i g i n a l  d e c o m p o s i t i o n  r e a c t i o n s  u n d e r g o  s e c o n d a r y  
r e a c t i o n s  w i t h i n  t h e  s m a l l  c o a l  p a r t i c l e s  e v e n  i n  t h i s  r e a c t i o n  
s y s t e m  where  t h e  s e c o n d a r y  r e a c t i o n s  o f  t h e  s t a b l e  r e a c t i o n  
p r o d u c t s  a r e  m i n i m i z e d .  

p r o d u c t i o n  o f  b e n z e n e  and  t o l u e n e .  The r e s u l t s  s u m m a r i z e d  i n  
T a b l e  3 i n d i c a t e ,  n o t  u n e x p e c t e d l y ,  t h a t  t h e  a r o m a t i c  compounds 
a r e  f o r m e d  more e f f i c i e n t l y  f r o m  t h e  0 - b e n z y l a t e d  c o a l  and  t h a t  
t h e  p r o d u c t s  o f  t h e  p y r o l y s i s  o f  t h e  O - b e n z y l - d 7  c o a l  a r e  
e x t e n s i v e l y  e x c h a n g e d .  The r e s u l t s  c a n  b e  a n a l y z e d  
s e m i q u a n t i t a t i v e l y  u n d e r  t h e  r e a s o n a b l e  a s s u m p t i o n  t h a t  t h e  
h y d r o g e n  a toms o f  t o l u e n e  f o r m e d  i n  t h e  r e a c t i o n  u n d e r g o  e x c h a n g e  
much more  s l o w l y  t h a n  t h e  h y d r o g e n  a t o m s  o f  t h e  0 - b e n z y l  g r o u p  
f r o m  w h i c h  i t  i s  p r o d u c e d .  T h i s  a n a l y s i s  s u g g e s t s  t h a t  a b o u t  4 0 -  
45% o f  t h e  0 - b e n z y l - d 7  and  55 -60% o f  t h e  C - b e n z y l - d 7  g r o u p s  
e x p e r i e n c e  e x c h a n g e  6 e f o r e  u n d e r g o i n g  h o m o l y s i s  t o  y i e l d  t o l u e n e  
a t  t e m p e r a t u r e s  b e t w e e n  6 0 0  a n d  85OoC. The  d i f f e r e n c e  p r e s u m a b l y  
r e f l e c t s  t h e  d i f f e r e n c e s  i n  t h e  r a t e s  o f  t h e  d e c o m p o s i t i o n  ( 0 -  
b e n z y l  > C - b e n z y l )  w h i c h  r e q u i r e s  t h a t  t h e  C - b e n z y l  f r a g m e n t  
r e m a i n  bonded t o  t h e  c o a l  m o l e c u l e  f o r  a l o n g e r  t i m e .  These  
r e s u l t s  a l s o  i m p l y  t h a t  t h e  n o n - v o l a t i l e  c o a l  m a c r o m o l e c u l e s  
u n d e r g o  more c h e m i c a l  r e a c t i o n s  t h a n  t h e  v o l a t i l e  r e a c t i o n  
p r o d u c t s .  The r e s u l t s  a r e  c o m p a t i b l e  w i t h  t h e  i d e a  t h a t  t h e  
r e a c t i v e  r a d i c a l s  a r e  more  a b u n d a n t  i n  t h e  p l a s t i c  p h a s e  t h a n  i n  
t h e  r a p i d l y  c o o l e d  v a p o r .  

The b e n z y l a t i o n  o f  t h e  I l l i n o i s  No. 6 c o a l  e n h a n c e s  t h e  

CONCLUSIONS 

S e v e r a l  c o n c l u s i o n s  emerge  f r o m  t h e  r e s u l t s  d i s c u s s e d  i n  t h e  
p r e v i o u s  p a r a g r a p h s  a n d  f r o m  o t h e r  i n f o r m a t i o n  o b t a i n e d  i n  t h e  
c o u r s e  o f  t h e  s t u d y .  F i r s t ,  t h e  m o d i f i e d  c o a l s  a r e  g e n e r a l l y  
more  r e a c t i v e  t h a n  t h e  u n m o d i f i e d  s t a r t i n g  m a t e r i a l s .  T h i s  
e n h a n c e d  r e a c t i v i t y  i s  p a r t i c u l a r l y  e v i d e n t  i n  t h e  i n c r e a s e d  
y i e l d s  o f  c a r b o n  m o n o x i d e  and  me thane  f r o m  t h e  0 - b e n z y l a t e d  
c o a l s .  The enhancement  o f  t h e  p r o d u c t i o n  o f  c a r b o n  m o n o x i d e  
s u g g e s t s  t h a t  t h e  i n c r e a s e d  r a d i c a l  d e n s i t y  r e s u l t i n g  f r o m  t h e  
m o d i f i c a t i o n  o f  t h e  c o a l  p r o m o t e s  o t h e r  s e c o n d a r y  r a d i c a l  
r e a c t i o n s ,  p o s s i b l y  c h a i n  p r o c e s s e s ,  t h a t  l e a d  t o  d e m e t h y l a t i o n  
and  d e c a r b o n y l a t i o n .  Hence ,  t h e  r e s u l t s  s t r o n g l y  i n f e r  t h a t  t h e  
e x t e n t  o f  s m a l l  f r a g m e n t  m o l e c u l e  f o r m a t i o n  d e p e n d s  i n  a d i r e c t  
way upon  t h e  c o n c e n t r a t i o n  o f  r a d i c a l s  w i t h i n  t h e  c o a l  p a r t i c l e s .  
The enhancement  o f  t h e  p r o d u c t i o n  o f  me thane ,  o n  t h e  o t h e r  hand ,  
may b e  a t t r i b u t e d  t o  t h e  i n c r e a s e d  c o n c e n t r a t i o n  o f  e f f e c t i v e  
h y d r o g e n  d o n o r  g r o u p s  w h i c h  t e r m i n a t e  u n d e s i r a b l e  c h a r - f o r m i n g  
r e a c t i o n s .  Second,  t h e  e x c h a n g e  p a t t e r n s  s t r o n g l y  s u g g e s t  t h a t  
t h e  e n e r g e t i c a l l y  more  f a v o r a b l e  r e a c t i o n s  o c c u r  r e v e r s i b l y  and 
t h a t  r a d i c a l  a d d i t i o n  and  r e c o m b i n a t i o n  r e a c t i o n s  c o m p e t e  
f a v o r a b l y  w i t h  f r a g m e n t a t i o n  and r a d i c a l  s u b s t i t u t i o n  r e a c t i o n s .  
T h i r d ,  t h e  n o n - r a n d o m  d i s t r i b u t i o n  o f  t h e  i s o t o p i c  l a b e l s  i n  t h e  
p r o d u c t s ,  f o r  e x a m p l e ,  t h e  s e l e c t i v e  a b s t r a c t i o n  o f  h y d r o g e n  f r o m  
t h e  b e n z y l i c  e t h e r ,  i n d i c a t e s  t h a t  t h e  r e a c t i o n s  u n d e r w a y  w i t h i n  
t h e  c o a l  p a r t i c l e  a r e  k i n e t i c a l l y - c o n t r o l l e d  r a t h e r  t h a n  
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e q u i l i b r i u m - c o n t r o l  l e d  p r o c e s s e s  e v e n  a t  t e m p e r a t u r e  n e a r  85OoC. 
F o u r t h ,  t h e  d i s t r i b u t i o n  o f  t h e  l a b e l s  i n  t h e  w a t e r  and  e t h e n e  
r e v e a l  t h a t  n o n - r a d i c a l  p r o c e s s e s  c o n t r i b u t e  s i g n i f i c a n t l y .  
Thus ,  t h e o r i e s  o f  p y r o l y s i s  t h a t  a r e  b a s e d  e x c l u s i v e l y  on r a d i c a l  
p r o c e s s e s  m a y  b e  s e r i o u s : y  m i s l e a d i n g .  
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Figure 1 .  The y ie lds  of carbon monoxide and methane in the 

Pittsburgh No. 8 coal ,  sol id  squares. 
pyrolysis o f  whole I l l i n o i s  No. 6 coal ,  open squares, and whole 

The data f o r  the Pittsburgh 
coal were obtained by E .  M. Suuberg, re f .  4. 
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Final temperature. O C  598 619 723 
Coal w t . ,  mg. 11.4 14.3 7.6 
Char, I o f  coa! 78.1 70.6 59.2 
Tar, I of coal 13.2 12.6 32.9 
Gas. 9: o f  coal 5.9 4.2 5.4 

Gas yields. wt. X o f  coal 

co 1.2 
1.5 
3.5 
0.1 

0.009 
0.05 

CH4 0.2 

c02 
H2° 

‘ZH4 0.1 
‘ZH6 

‘SH6 
c7H8 

0.8 
1.1 
0.08 
2.0 
0.07 
0.04 
0.001 
0.001 

0.8 
1 .o 
1.4 
1.3 
0.3 
0.3 
0.001 
0.005 

Final temperature. O C  

Coal wt., mg. 
Char, X of coal 
Tar. X o f  coal 
Gas. X of coal 

Gas yields, ut. X o f  coal 

co 

H-0 

CH4 

co2 
L 

‘ZH6 
‘ZH4 
‘bH6 
c7H8 

634 718 
9.6 6.9 
72.9 56.5 
9.4 20.3 - . .~ 
5 .O 7.9 

0.2 0.9 
0.8 1.4 
1 .o 3.0 
I .5 0.8 
0.4 0.3 
0.2 0.5 
0.006 0;002 
0.01 0.0008 

834 
7.4 
51.4 
21.6 
18.4 

2.4 
3.7 
3.7 
4.4 
0.7 
1.5 
0.004 
0.008 

76 1 92 1 
12.4 5.3 
56.5 55.8 
33.1 33.7 
9.6 10.5 

0.9 
1.4 
0.59 
6.2 
0.1 
0.2 
0.00 
0.008 

--O-blethyl-- 

550 M8 
6.5 6.4 

27.7 23.4 
9.2 12.5 

60.6 54.7 

1.8 3.4 
1.1 3.3 
1.6 1.6 
3.6 2.5 
0.2 0.3 
0.3 0.7 
0.01 0.01 
0.04 0.02 

1057 
9.5 
50.5 
35.8 
12.6 

2.2 
5.2 
1.2 
3.0 
0.2 
0.4 
0.02 
0.04 
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Table 1 .  A summary o f  the resu l t s  f o r  the  pyrolysis o f  
I l l i n o i s  No. 6 coal and i t s  alkylated der ivat ives .  

Coal type 

Final temperature, O C  

Coal wt., mg. 
Char ,  % o f  coal 
Tar, I of coal 
Gas. X of coal 

Gas yields, vt. X of  coal 

CHA 

-0-Benzyl- 

532 724 
13.3 13.4 
60.9 53.7 
15.8 23.9 
7.8 17.2 

-0-Benzyl -3 
617 

13.6 
57.4 
25.0 
11.8 

745 
10.7 
51.4 
28.0 

9.7 

508 

0.4 2.3 
0.7 4.4 
3.6 4.6 
2.1 2.7 
0.2 0.7 
0.1 0.7 
0.03 0.1 
0.2 1.1 

0.4 
1 .o 
3.7 
3.4 
0.2 
0.3 
0.3 
0.1 

1 .o 
0.6 
1 .o 
6.5 
0.2 
0.07 
0.2 
1.4 

1.8 
3.1 
1.7 
0.7 
0.3 
0.6 
0.05 
0.3 

co . 
co2 
H20 

‘2”s 
C2H4 
‘gH6 
‘8% 

\ Coal type - 0 - ~ e n W i - l - ~ ~ ~ -  

Final temperature, “C &IO 865 
Coal wt., mg. 3.7 3.2 
Char, I o f  coal 51.4 50.0 
Tar, X of coal 29.7 28.1 
Gas. X of coal 14.1 17.6 

Gas yields ,  Vt. 2 of coal 

C-Benzyl -p13~ 
750 

7.5 
52 .O 
24.0 
22.7 

-C-Benzyl-d7 

61 1 854 
9.8 8.7 

67.4 51.7 
18.4 24.1 
8.9 17.2 

CH4 1.6 2.6 0.8 2.1 
0.6 3.3 
0.9 2.4 
5.9 8.9 
0.1 0.04 
0.1 0.1 
0.04 0.003 
0.2 0.01 

3.9 
3.0 
0.7 

11.1 
1 .o 
0.9 
0.01 
0.05 

2.5 7.1 
3.0 2.4 

co 
c02 

! 
6.2 4.0 
0.1 0.3 
0.2 0.4 
0.07 0.06 
0.1 0.2 

I 
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I 

Table 2. The yields and isotopic composition of the methane produced in the I 

pyrolyses of the benzylated coals. 

.Modified Coal Temperature Methane ( % I  
13 a 

Yield CH4 CH3D CH2D2 cH4 
("C) 

O-Benzyl-i7 61 7 1 .o 70 25 5 - r 

0-Benzyl -C7 745 1.8 64 30 6 - I ,  

C-Benzyl -c17 61 1 0.8 90 10 BDL - 
C-Benzyl-c17 845 2.1 86 14 BDL - 
0-Benzyl -1- C I 828 1 .o - - - 1.8 13 

0-Benzyl -1-"5 840 1.6 - - - 1.3 
I '  

86 5 2.6 - - - 3.1 13 0-Benzyl -1- C 
C-Ben~yl-L-~~5 758 3.9 - - BDL 

f 
aThe amount of this product in excess of natural abundance is reported 
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Table 3. The composition o f  the benzene and toluene produced in the pyrolysis 
of the modified coals. 

0- Ben z y 1 -cJ7 C-Benzyl-c17 
A t  61 7°C At 745°C At 611°C At 845°C 

Total Yield (Weight % o f  coal sample) 
Benzene 0.2 0.05 
To 1 uene 1.4 0.3 

Isotopic Composition (mole %) 

‘gH6 8 10 

‘gHZD4 14 17 

‘gHD5 70 56 

‘sD6 8 8 

c7H8 BDL BDL 

C7H3D5 18 11 

C7H2D6 25 25 

C7”D7 54 52 

C7D8 3 4 

0.04 
0.2 

82 

1 

15 

BDL 

5 

17 

17 

37 

BDL 

0.003 
0.01 

40 

11 

37 

BDL 

16 

26 

20 

35 

BDL 
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